Catalase and alternative oxidase cooperatively regulate programmed cell death induced by b-glucan elicitor in potato suspension cultures 
Introduction
Recognition of an avirulent pathogen by the host plant results in a rapid and localized generation of reactive oxygen species (ROS) at the site of pathogen infection (Doke 1997) . ROS induce the expression of defense-related genes and programmed cell death (PCD), known as the hypersensitive response (HR; Levine et al. 1994) . The HR often shares the morphological and biochemical features of mammalian apoptosis (Greenberg 1997; Pennell and Lamb 1997) , and the induction of cell death is suggested to require unknown mitochondrial function (Lam et al. 2001) .
Plants induce antioxidant defense system in response to ROS generation to diminish cytotoxic functions such as lipid peroxidation, protein modification and DNA damage (Mittler 2002) . Detoxification of ROS may reduce cell death and allow plants to eliminate microbial pathogens by producing antimicrobial compounds and cell wall stiffening. Recent studies indicate that the cyanide-resistant alternative oxidase (AOX), a mitochondrial inner-membrane protein, plays a critical role in the regulation of cellular redox state. Transgenic tobacco cells (AS8) suppressing AOX activity increase H 2 O 2 accumulation compared with wild-type cells, whereas the overexpression of AOX reduces ROS production (Maxwell et al. 1999) . Furthermore, AS8 cells potentiate cell death elicited by H 2 O 2 , salicylic acid and a protein phosphatase inhibitor , indicating that mitochondrial AOX plays a pivotal role in the onset of PCD in plants.
We previously demonstrated that the mitochondrial oxidative burst is a prerequisite for breakdown of the mitochondrial membrane potential (DY m ) and subsequent apoptotic cell death (Yao et al. 2002) . However, it is important to note that redox status in another cellular compartment also seems to regulate PCD during defense response and development (Mittler 2002) . Ascorbate peroxidase (APX) is distributed in the cytosol, chloroplasts, mitochondria and peroxisomes, and the suppression of cytosolic APX expression mediates the virally induced hypersensitive response in tobacco cells by preventing the detoxification of H 2 O 2 (Mittler et al. 1998) . Furthermore, although catalase (CAT) is restricted primarily to peroxisomes, the down-regulation of CAT activity is also involved in gibberellic acid-induced PCD in barley aleurone cells (Fath et al. 2001) . Thus, the multiple enzymes responsible for the decomposition of ROS may cooperatively control PCD in plants.
Our preliminary results show that b-1,3-D-linkedglucan with b-1,6 branches, which elicits a set of defense responses in various plants (Yamaguchi et al. 2000) , induces H 2 O 2 production in potato suspension cells. Here, we used pharmacological and cytological approaches to determine the role of ROS-detoxifying enzymes in potato cell cultures treated with b-glucan elicitor. The results demonstrate, for the first time, that AOX and CAT cooperatively play critical roles in the regulation of cellular redox state, mitochondrial DY m disruption and PCD in potato cells.
Materials and methods

Plant materials
The cell suspension derived from potato (Solanum tuberosum L. cv. Danshaku) tubers was cultured in a Murashige-Skoog medium (ICN Biomedicals, Ohio, USA) containing 3% sucrose, 1 mg l À1 a-naphthaleneacetic acid (Wako Pure Chemical Industries, Osaka, Japan), 0.1 mg l À1 kinetin, 100 mg l À1 myo-inositol (Nacalai Tesque, Kyoto, Japan), 2 mg l À1 glycine, 0.5 mg l À1 nicotinic acid, 0.1 mg l À1 thiamine hydrochloride (Kanto Chemical, Tokyo, Japan), and 0.5 mg l À1 pyridoxic acid (Wako). The pH of the medium was adjusted to 5.8 with NaOH. Cells were maintained in the dark at 20°C with shaking at 100 rpm in a 1,000-ml flask. Subcultures were made weekly by transferring 40 ml of cell suspension to 80 ml of fresh medium. For elicitation experiments, 30 ml of subcultured cells was washed with PBS (137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.68 mM KCl, 1.47 mM KH 2 PO 4 ) filtered through Miracloth (Calbiochem, Darmstadt, Germany), resuspended in 30 ml of fresh medium, and transferred to 300-ml flasks. Before any treatments, cells were cultured for 2-3 h to adjust to the new medium.
Chemicals b-1,3-D-linked-glucan with b-1,6 branches was used as an elicitor and applied at 10 lg ml À1 . Inhibitors for pharmacological tests included a CAT inhibitor, 5 mM 3-amino-1,2,4-triazole (AT; Katayama Chemical, Osaka, Japan), an AOX inhibitor, 1 mM salicylhydroxamic acid (SHAM; ICN Biomedicals), and an APX inhibitor, p-hydroxymercuribenzoate (p-HMB, Wako). Cells were pre-incubated with these inhibitors for 2 h before bglucan treatment.
Northern blot analysis
Total RNA was prepared following the protocol of Sepazol RNA I Super (Nacalai Tesque). Total RNA (10 lg) was separated by electrophoresis through formaldehyde-agarose gels and transferred onto Hybond N + (Amersham Biosciences, Buckinghamshire, UK). A partial sequence of AOX (750 bp) was used as a DNA probe (Abe et al. 1997) . Labeling and hybridization were performed following the protocol of the AlkPhos Direct labeling kit (Amersham Biosciences). Detection was performed using the CDP-Star detection kit (Amersham Biosciences).
Cytofluorimetric analysis of mitochondrial DY m and ROS formation Intracellular H 2 O 2 production and mitochondrial DY m were measured by monitoring the fluorescence of their specific probes. The potato cells were double-stained with 10 lM of dichlorofluorescein diacetate (H 2 DCF-DA; Molecular Probes, OR, USA) and a mitochondrion-selective dye, Mitotracker Red (100 nM; Molecular Probes) for 30 min in the dark. Variations in the mitochondrial DY m were detected using 5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-tetraethylbenzimidazolycarbocyanine iodide (JC-1; Molecular probes). When mitochondrial DY m is high, JC-1 has the unique property of locally and spontaneously forming J-aggregates, which fluorescence red (Smiley et al. 1991; Petit et al. 1995) . The potato cells were incubated in culture medium containing 10 lg ml À1 JC-1 in the dark for 30 min. After incubation, the cells were washed with culture medium, and samples were fixed by mixing with an equal volume of 1.5% low-melting-point agarose. Then the mixture was placed in a glass-bottomed microwell dish (Matteck Corporation, Ashland, MA, USA) for 5 min. The Jaggregate form was exited at 488 nm and detected using cy3 optical filters. The DCF signals of samples were observed using 488-nm excitation and 520-nm emission wavelengths, and Mitotracker Red signals excited at 568 nm were detected through a long-pass filter. An IX70 (Olympus, Tokyo, Japan) fluorescence microscope equipped with a MicroMax 12-bit CCD camera system (Princeton Instruments, Trenton, NJ, USA) and an optical filter changer (Lambda 10-2; Sutter Instruments, Novato, CA, USA) were used. A xenon lamp coupled to a monochromator (Polychrome II; TILL Photonics, Planegg, Germany) provided the excitation light source. Images from the microscope were acquired during a 1,000-ms exposure time, and the fluorescence intensity values were analyzed by MetaMorph software (Universal Imaging Co., Downingtown, PA, USA).
Cell death
The potato cells were exposed to 1% Evans blue solution for 10 min at room temperature, then washed with culture medium and examined by light microscopy. The dead cells were monitored by an Olympus (Tokyo, Japan) BH-2 fluorescence microscope.
Hydrogen peroxide measurements
Potato cells were pretreated with the CAT inhibitor AT (5 mM) and the APX inhibitor p-HMB (5 lM) for 2 h and then co-incubated with 10 lg ml À1 b-glucan for 6 h. After incubation, the cells were allowed to settle for 1 min and portions of the supernatant (800 ll) were assayed for H 2 O 2 production, following the method described by Axel et al. (1997) . H 2 O 2 production was determined by measuring the increase in absorbance at 450 nm resulting from the peroxidase-catalyzed oxidation of non-fluorescent o-dianisidine. To the supernatant were added 100 ll of 500 lM o-dianisidine and 100 ll of 1 mg ml À1 horseradish peroxidase. The mixture was incubated for 20 min at 25°C and A 450 was measured.
Results and discussion
Recent studies indicate that mitochondria are the major source of endogenous ROS and an essential regulator of cellular redox state by which AOX is up-regulated to catalyze the oxidation of ubiquinol by oxygen (Maxwell et al. 1999; Parsons et al. 1999; Yip and Vanlerberghe 2001; Vanlerberghe et al. 2002) . Application of H 2 O 2 has been shown to increase AOX expression and activity in Petunia hybrida and tobacco cells (Wagner 1995; Vanlerberghe and McIntosh 1996) , suggesting that H 2 O 2 is an important signal for the induction of mitochondrial AOX. Therefore, to determine whether AOX is induced during the defense response, potato suspension cells were incubated with 10 lg ml À1 b-glucan elicitor for 6 h, and total RNAs were recovered for Northern blot analysis and H 2 O 2 contents were measured. As shown in Fig. 1 , AOX transcripts and H 2 O 2 contents significantly increased in response to b-glucan compared with the control treatment (water). Administration of the CATspecific inhibitor AT (5 mM) in the presence of b-glucan further increased AOX gene expression and increased H 2 O 2 content up to 2.2-fold compared with b-glucan alone. In contrast, in the presence of b-glucan and the APX-specific inhibitor p-HMB (5 lM), AOX gene expression and H 2 O 2 contents were maintained at almost the same levels as in the presence of b-glucan alone. It has been reported that H 2 O 2 accumulation induces PCD and defense mechanisms (Levine et al. 1994; Shirasu et al. 1997) . Although APX is a key H 2 O 2 -scavenging enzyme and its expression is induced in response to many environmental stresses, Mittler et al. (1998) found that during virally induced PCD, the expression of cytosolic APX was post-transcriptionally suppressed. Thus, also in potato cells, levels of the APX protein might be reduced after induction of defense responses by b-glucan. Our data indicate that CAT and AOX activities are central mediators in diminishing oxidative damage induced during the immune response. Furthermore, since the levels of AOX transcripts seem to correlate with the intracellular H 2 O 2 levels, AOX expression is probably regulated by the cellular redox state.
To observe the kinetics and subcellular localization of H 2 O 2 accumulation during the defense response of potato suspension cells, we monitored the fluorescence of b-glucan for 6 h. The accumulation of AOX mRNA transcripts was determined by Northern blot analysis. Loading of total RNA (10 lg) for each lane was confirmed by ethidium bromide staining of rRNA (not shown). H 2 O 2 production was measured as described in Materials and methods. The bars indicate H 2 O 2 production relative to treatment with b-glucan (100%). Data are means ± SD (n=5) Fig. 2 Effect of CAT and AOX inhibitors on the intracellular localization of ROS formation in suspension cells of potato treated with b-glucan. Potato cells were pretreated with AT (5 mM) and/or an AOX-specific inhibitor salicylhydroxamic acid (SHAM, 1 mM), or water as a control, for 2 h and then co-incubated with 10 lg ml À1 b-glucan. Then the potato cells were double-labeled with H 2 DCF-DA and Mitotracker Red the H 2 O 2 probe H 2 DCF-DA in combination with the mitochondrion-specific probe Mitotracker Red. Treatment with water as a control did not change the DCF intensity for 60 min (Fig. 2) . Moreover, hardly any increase in H 2 O 2 accumulation occurred in potato cells treated with 10 lg ml À1 b-glucan alone (data not shown), and the fluorescence intensity of DCF at 60 min after treatment was only 1.2-fold higher than that at 0 min. Pretreatment with a CAT inhibitor AT (5 mM) significantly enhanced the cytosolic DCF signal at 60 min after b-glucan treatment (2.1-fold); however, no localized accumulation of H 2 O 2 in mitochondria was observed. Interestingly, inhibition of AOX activity by pretreatment with 1 mM SHAM led to strong H 2 O 2 production, especially in mitochondria rather than in the cytosol, with DCF fluorescence intensity 1.8-fold higher at 60 min than at 0 time. These data suggest that each ROS-detoxifying enzyme may help to diminish the oxidative stress induced in different cellular compartments during the defense response. To confirm this hypothesis, we simultaneously pretreated potato cells with AT and SHAM. A dramatic increase in ROS accumulation was observed both in the cytosol and the mitochondria (2.8-fold). Moreover, each DCF signal in the cytosol and the mitochondria was stronger than that induced by cotreatment of b-glucan with AT or SHAM alone. Our results suggest that CAT and AOX may confer stress tolerance against the oxidative burst in different compartments, and compensate each activity by lowering ROS accumulation.
Degradation of mitochondrial DY m is an important feature in the early phase of the apoptotic response (Petit et al. 1995) . To determine the possible role of ROS-detoxifying enzymes in the induction of PCD in potato cells, we monitored the changes in mitochondrial DY m using the fluorescent carbocyanine dye JC-1, which aggregates on the surface of viable mitochondria, showing a positive correlation with the membrane potential. As shown in Fig. 3a , b-glucan treatment together with AT (5 mM) and SHAM (1 mM) clearly reduced the fluorescence intensity after 30 min, whereas the water control showed a less obvious spontaneous decrease during the same period. Specifically, after treatment with b-glucan for 30 min the red fluorescence of JC-1 was 58% of that observed at 0 min, and was not significantly different from the water control (70% of the 0-time level; Fig. 3b ). Likewise, co-treatment of b-glucan with AT (5 mM) or SHAM (1 mM) showed JC-1 fluorescence intensities similar to that induced by b-glucan only. Interestingly, elicited cells pretreated with both AT and SHAM dramatically lost 80% of the red JC-1 fluorescence observed at 0 time (Fig. 3b) . Although elicited cells showed significantly higher DCF signals in the presence of AT and/or SHAM (Fig. 2) , unambiguous loss of JC-1 fluorescence was only observed in the simultaneous treatment with AT and SHAM. We propose that CAT or AOX activities alone may be sufficient to diminish oxidative stress that leads to mitochondrial DY m breakdown in potato cells treated with b-glucan. To further confirm this hypothesis, we evaluated the effect of CAT and AOX activities on cell viability using 1% Evans Blue solution (Fig. 4) . Consistent with the results shown in Fig. 3b , in response to b-glucan treatment cell death was maintained at the zero-time level of below 20% for 24 h, similar to the water control. Moreover, the addition of AT (5 mM) or SHAM (1 mM) did not increase cell death, although those inhibitors significantly enhanced ROS accumulation. These results contradict previous studies demonstrating that cells in transgenic plants lacking CAT or AOX activity are more sensitive to ROS and more likely to die in response to biotic or abiotic elicitors (Vanlerberghe and McIntosh 1996; Rizhsky et al. 2002) . A likely explanation for this discrepancy is that the suppression of CAT or AOX activity did not disrupt mitochondrial DY m in potato cells. Hence, b-glucan induced cell death in a time-dependent manner, killing 70% of cells 24 h after treatment only in the case of pretreatment with both AT and SHAM (Fig. 4) .
To our knowledge this is the first report that CAT and AOX cooperatively regulate plant PCD induced by a defense-inducing elicitor. As shown in Fig. 2 , although the inactivation of CAT and/or AOX strongly enhanced DCF fluorescence, a significant increase in ROS accumulation was not observed by treatment with b-glucan alone (data not shown), suggesting that CAT and AOX may be constitutively activated enough to reduce the accumulation of ROS induced by b-glucan to the basal level. Furthermore, we demonstrated that the inhibition of CAT activity induced the expression of AOX mRNA in response to b-glucan (Fig. 1); and Rizhsky et al. (2002) showed that the accumulation of AOX transcripts was markedly induced (2.6-fold the wild-type level) in antisense tobacco plants lacking CAT. In another study, transgenic tobacco cells suppressing AOX activity showed an increase the expression of CAT mRNA compared with wild-type cells (Maxwell et al. 1999) . These reports suggest that a deficiency of CAT or AOX induces the up-regulation of the other enzyme to counter the overwhelming oxidative stress. Taken together with our data, the published evidence indicates that, by mutually compensating each other, CAT and AOX may diminish ROS accumulation and suppress the disruption of mitochondrial DY m , thus maintaining a high-threshold for initiation of PCD.
